Introduction
Wearable computing, by which information can be exchanged at all times and places, has been of great BANs, it can be expected that they will be present every-
In recent years, a communications system, the Body Area Network, which uses the human body as a transmission path has attracted attention, and there is increasing expectation that it will be used more widely.
However, there are still several points on the signal transmission mechanism of using the human body in this way that remain to be clarified, and there has been little research into the interaction of electromagnetic waves and the human body. Therefore, we used the Finite Difference Time Domain (FDTD) method to calculate the Efield distributions around simple and realistic models of the whole human body in free space with a weareble device. Moreover, E-field calculations were carried out when the positions of the body were changed. Our results
show that using the simple homogeneous whole human body model is valid for the E-field calculation, and the dominant component of the E-field is normal to the body/air interface in all the positions that the human body assumes in daily life. Furthermore, in the state where the human body is shunted to the Earth ground, it was shown clearly that the E-field distribution is not mostly different from when a body is floating in free space. It can be concluded that these results provide useful information in improving the design of wearable devices.
where on the human body and data will be exchanged among them. In that case, in order to construct a design guide, it is necessary to understand how a signal is distributed over the circumference of the entire body, and how an associated transmission characteristic varies with postural change.
In this study, we examine the transmission mechanism of a wearable device using simplified whole human body models. For the numerical calculations, the Finite Difference Time Domain (FDTD) method 23)24) is utilized.
First, in order to prove the validity of using a simplified model, the E-field distribution of a realistic Japanese adult male model 25) and a simplified homogeneous model is compared. Next, since the human body equipped with a wearable device assumes various postures in the activities of everyday life, we evaluate the transmission characteristics related to postural changes. E-field distributions are computed for each of four typical poses 21) .
Furthermore, during actual communication, the human body stands on the ground; hence it is necessary to evaluate the influence of grounding to the Earth surface.
Then, E-field distributions around a human body are calculated both for the state where the body is grounded, and the state where footwear is worn 21) . In Dr.
Zimmerman's paper, the carrier frequency differs completely from our system. In that the transmission mechanism was explained using a model in which the body and the ground are coupled; this examination is of scientific interest. However, the electric field that streams around the human body coupled with the weareble transceiver and the ground are illustrated but not quan- . In reference 2), the electrode . .
arrangement has the ground electrode on one side and the signal electrode on the other, creating the greatest possible asymmetry, and hence current flow, based on the asymmetric Wheatstone model. However, when the ground electrode is set on the air side and the signal electrode on the body surface, most of the electric field is not propagated along the arm, but is radiated into the air. In contrast, in our transmission system, the signal is transmitted to the receiver only when the electrode of the receiver is touched. Hence, electric field radiation leakage into the air is discouraged, because most of the transmission power does not arrive at the receiver.
Moreover, the presence of the GND electrode enables impedance matching between the circuit of the signal generator and the body 16) . In the case of the existing GND electrode, the imaginary part of the impedance at the feeding point is low. Thus, most of the available generation power is fed to the signal electrode and delivered to the human body.
Human body models
The standard posture model is simplified by dividing the body into legs, body, arms, shoulder, and head, and then modeling each part as a rectangular parallelepiped ( Fig.3 (a) ) 21) . The realistic high resolution whole-body model is based on a 22-year-old Japanese adult male of average height (172.8 cm) and weight (65.0 kg) (Fig.3 (b) ) 25) . The resolution of this calculation model is 2 mm x 2 mm x 2 mm.
By applying these calculation models into the FDTD method, we investigated the E-field distribution inside and outside the whole body. The relative permittivity ε r and conductivity σ [S/m] of each tissue are equal to the value at 10 MHz 27) . The size of the cells is ∆x=∆y=∆z= 2mm. The calculations use Mur's second order absorbing boundary condition, and the time step ∆t is 3.84 ps, which satisfies the Courant stability condition.
E-field distribution
The E-field distribution (root sum square of E x , E y , E z ) of a simplified model and a realistic model wearing the transmitter is shown in Fig.4 . The observation plane is the x-z plane containing the feeding point, and the Efield strength is normalized by the maximum value at the feeding point as 0 dB. These figures show that the Efield is generated around the surface of whole body by the wearable device attached to the left arm. The intensity is about -60 to -70 dB on the right arm, which is not equipped with a wearable apparatus. Around the human body away from the vicinity of the wearable device, the E-field strength is uniformly distributed. Therefore, it can be posited that these communication systems can be used for PANs by attaching wearable computers all around the body, if high security is required, the threshold level of the receivers must be increased. The E-field distribution of the simplified model closely resembles that of the realistic model. We believed that the simplified model of a single medium is acceptable for the Efield calculation because the value of the loss tangent of the muscles at 10 MHz is about 6.5, and thus, the (Fig.4 (a) ) is shown in Fig.5 (a)~(c) . The observation plane includes the feeding point of the transmitter, and 0 dB is equivalent to the E-field at the feeding gap.
The results show that the perpendicular component of the E-field is generated predominantly at the surface of the human body, because the E-field is strong on the side of the body (see Fig.5 (a) showing the E x component). Moreover, in Fig.5 (c) showing E z component, there is also a tendency for an E-field to be strong in the parietal region and the sole of the foot. The absolute value of the E-field shown in Fig.4 
is a distribution map
showing mainly the component perpendicular to the surface of the body. Therefore, in the following sections, only the absolute value of the E-field around the body is analyzed.
As a result of these numerical analyses, the validity of this method is explained as follows. The foregoing argument has already been proven for one case by sensing the field vector strength around the arm using a shielded loop antenna 18) . The results of the simulation and measurement fit quite well. However, these measurement areas were limited only to the arm where most of the electric field is concentrated. What seems to be lacking is a measurement result for the electric field distribution around the whole body. However, it is quite difficult to sense the weak E-field around the whole body for two reasons. First, there is no portable measurement apparatus that has a sufficiently wide dynamic range.
Second, if the measurement apparatus is arranged around the body, the electric field intensity distribution becomes distorted. Therefore, precise measurement remains a matter for further exploration.
E-field distributions of the human body considering different postures

Calculation models of the human body
Very few attempts have been made to evaluate the transmission characteristics of the wearable device when the user's posture changes. To do this, we chose four typical pauses that occur naturally during typical daily movements and for each pose, the E-field distribution was calculated 21) (Fig.6 ). The size of each body part was adjusted according to the average for Japanese men and women obtained from statistical data 26) . The electric constants of the body were set to the values of the muscles at 10 MHz (ε r =170.73, σ=0.62 S/m). The cell size of the FDTD is ∆x=∆y=∆z=1cm. Then, we investigated the difference in the electric field distribution by changing the position of the left arm equipped with a wearable device. Fig.6 (a) (lift up model) depicts the arm stretched horizontally; in this pose, the wearable device is at the maximum distance from the body. Fig.6 (b) is the state where the arm is held up and is at the maximum distance from a footstep. In Fig.6 (c) , the user bends an elbow to look at the wrist watch, and in Fig.6 (d) , the model grasps a strap in the train or bus. Fig.7 (a)-(d) shows the E-field distribution of each posture; we found that the field strength does not vary with postural change, but is uniformly distributed over the circumference of the body at a level of -60 to about -70 dB. From these results, when the user with the wearable device changes directions, positions, and distances of the wearable device to the body, the E-field component remains distributed perpendicular to the body surface as a uniform surface wave. Moreover, comparing Fig.4 with Fig.7 , a stronger E-field is observed when the arm is away from the body, because in Fig.4 , spacing between the left arm equipped with a wearable device and the body is narrowed. Then, the E-field vectors generated perpendicularly to an arm and to the body surface offset each other, and it is possible that the E-field distributed over the whole body becomes weaker.
E-field distribution
E-field distribution of the human body focused on the earth ground
In the previous sections, the evaluations have been .
Fig.6
Typical poses in daily natural actions 21) .
limited to the situation where the body is floating in free space, i.e., it it not grounded. However, in actual communication, the body stands directly on the ground, i.e., it is grounded, so it is necessary to evaluate the E-field distribution under the influence of grounding. To carry out this next step, a simplified human body model is made to stand on the ground (perfect electric conductor), and the E-field distribution is evaluated for practical use in a real situation. In the reference 2), the E-field streaming between theoretical models that depict the human body coupled with the ground are simply illustrated, and there seems to be no theory established to explore the effect of grounding. Fig.8 (a) is the E-field distribution with grounding added to the computation model of Fig.4 (a) ; grounding the sole of the bare foot to the ground shows that the field strength of the leg circumference is weak compared with the calculation result of the free space of Fig.4 
(a).
This is considered to occur because the propagation of the E-field to the sole is lost by grounding. Therefore, if the wearable devices are located near the foot, it can be said that the body shunted to the ground causes a fall of the reception level. However, there are few opportunities for Japanese people to walk outside with bare feet in everyday life; therefore as a general situation, the analysis takes footwear into account ( Fig.8 (b) ). The human body floating 3 cm above the ground, i.e., accounting for the usualthickness of a shoe sole, is incorporated into the analytic model. Since almost all soles are made of rubber, the relative permittivity and conductivity are assumed to be a free space (vacuum).
Compared to Fig.8 (a) , the field strength near the feet in Fig.8 (b) is strong, almost equal to the calculated output in the free space of Fig.4 
Conclusions
In this paper, numerical analyses that clarify the transmission mechanism of the wearable device for BAN are performed using some simplified body models. First, in order to investigate the validity using a simplified body model, the E-field distributions of a realistic model of a Japanese male and a simplified model were compared. As a result, even when the simplified homogeneous body model is used for calculation, it was shown clearly that the E-field distribution is almost equal to that of the realistic model. Next, four calculation models of the body with typical poses in daily natural actions were proposed, and each E-field distribution was calculated. As a result, the E-field component perpendicular to the human body surface is shown to be uniformly distributed around the whole body in all postures. In other words, the structure that can transmit and receive the E-field (surface wave) of a component perpendicular to the human body surface is required for the wearable device for a BAN. Furthermore, the E-field distribution in the state where the body is grounded was computed, taking a real-use situation into consideration. As a result, even when the sole of the bare foot is grounded, it was shown clearly that the E-field distribution around the entire body is almost without influence, except in the close proximity to a footstep. Moreover, if footwear is worn, the sole is not directly grounded, and E-field distribution around the body is not influenced by grounding except in the vicinity of the leg. In conclusion, this paper describes the transmission mechanism of a wearable device using the human body as a transmission channel from the viewpoint of interactions between electromagnetic waves and the human body.
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